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We examine the form of the refractive-index profile that has to exist in the direction 
parallel to the junction in a semiconductor junction laser in order to explain the 
experimentally observed spectral separation between adjacent transverse modes parallel 
to the junction. We show that previously assumed profiles are unsatisfactory. We 
present a form of profile that results in predicting mode wavelength separation that is in 
agreement with experimental data. 
PACS numbers: 42.80.Lt, 42.55.Px, 42.80.Sa 
I. INTRODUCTION 
The origin and nature of mode guidance parallel to the 
junction plane ofGaAsjunction lasers is one of the few prob-
lems basic to the understanding of the physics of this laser 
that are still not completely resolved. This problem is also of 
considerable technological importance because control of 
the mode extent and position is essential for many practical 
applications, especially in optical communications systems 
using fibers. Nonlinearities in the total-light-output versus 
excitation curves of these lasers, which are prejudicial in 
many applications, also seem to be connected with perturba-
tions in the mode-guidance mechanisms. I 
In this paper we examine the form of the refractive-
index profile that has to exist in the direction parallel to the 
junction in order to explain experimentally observed spec-
tral data. We show that previously assumed profiles are not 
accurate enough to explain observed data. We cite possible 
mechanisms that could give rise to the needed profile and 
present a form of profile that results in predicting the wave-
length separation of the transverse modes in the direction 
parallel to the junction plane that is in agreement with ex-
perimental data. 
II. PARABOLIC MODEL 
In 1968 Zachos and Ripper2 proposed a waveguide 
model to explain the resonant modes of GaAs homo junction 
lasers. In these lasers the waveguide was assumed to be 
formed by a parabolic variation of the refractive index in the 
directions perpendicular and parallel to the junction 
(Fig. 1). 
This refractive-index profile was arrived at by expand-
ing in a Taylor's series the unknown refractive-index func-
tion around the maximum of this function and by retaining 
only the second-order terms. So they had 
[ ( X)2 (y)2]112 N(x,y) = No 1 - Xo - Yo ' (1) 
where No is the maximum value and Xo and Yo are constants 
that measure the refractive-index falloff in the x and y direc-
tions. Using this function for the refractive index in the sca-
lar wave equation, we have 
(2) 
where ifJ is the electric or magnetic field and K is the wave 
number in vacuum. 
They obtain as the solution (i) hybrid modes of the cav-
ity characterized by three modes numbers (m,n,q); and (ii) 
Hermite-Gauss functions for the mode intensities. These 
functions and mode frequencies are 
ifJ (x,y,z) = X (x)Y(y)Z (z), 
Z (z) = Zo exp( ± iYKZ), 




x exp[ - +( :~}2]Hn[(~oK)1/\], (5) 







FIG.!. (a) Definition of Cartesian coordinate system (x,y,z) relative to a 
stripe-geometry laser. The xy plane (z = 0) coincides with the front mirror. 
(b) Refractive-index variations in the x,y, and z directions for the GaAs 
homojunction lasers assumed by Zachos and Ripper. 
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FIG. 2. cw frequency spectrum ofa GaAs laser showing that to each longi-
tudinal-mode frequency are associated satellite mode frequencies as trans-
verse modes parallel to the junction. 
The frequencies of the modes are given by 
c· (2m + I 2n + I) cq 
v m .n .q = -- + --- + --, 
41TNo Xo Yo 2LNo 
(7) 
where c is the velocity oflight in vacuum and L is the length 
of the laser cavity_ 
The parameter r in Eq. (4) satisfies the condition 
r= q1T =~. 
KL 2Lv 
(8) 
In general, the experimentally observed3 near-field profiles 
seem to have a Hermite-Gaussian appearance [Eqs. (5) and 
(6)]. Furthermore, these lasers present a spectrum (Fig. 2) in 
which to each longitudinal-mode frequency are associated 
satellite-mode frequencies which can be identified as those of 
transverse modes parallel to the junction. Frequencies corre-
sponding to transverse modes in the x direction perpendicu-
lar to the junction do not appear because only the fundamen-
tal mode is excited in general. Higher-order modes in this 
direction appear only at much higher levels of injection, if at 
all. 
From Eq. (7), the wavelength separation between the 
different guided modes are obtained, and are 
Am =0, An =0, 
A,1 ,12 
- _ - A,1 ~ - -- (longitudinal); 
Aq q 2N.,L 
Am =0, Aq=O, 
A,1 ,12 
-= -A,1 "" ----








(transverse perpendicular to junction). (11) 
Here Ne = No[1 - (A /No)(aNo/a,1)] is an "effective" index 
of refraction which takes into account the presence of a dis-
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persive medium. The difference AAq gives the separation of 
the well-known Fabry-Perot modes. AAn and AAm give the 
transverse-mode separations. From Eqs. (10) and (II) we see 
that measurement of the wavelength separation between ad-
jacent modes should allow us to determine values of the pa-
rametersxo andYo.2 In Table I we reproduce some values ofYa 
reported in Ref. 2 for three different homojunction lasers. 
The values of N" are deduced for each laser by substituting in 
Eq. (9) the measured longitudinal-mode separation 
A. Criticism 
In this paper we limit our attention to light confinement 
in the direction parallel to the junction, and therefore we will 
only analyze the variation of the refractive index in this di-
rection. We are considering here the case of commonly stud-
ied stripe-geometry lasers, where there is no built-in refrac-
tive-index profile parallel to the junction. When the laser is 
in operation an unknown refractive-index profile in this di-
rection may be created by various mechanisms, the impor-
tant ones among them being (a) a temperature profile caused 
by the current confinement along the stripe,4 (b) a gain pro-
file,' and (c) an injected-carrier profile. 67 The model ofZa-
chos and Ripper is a first approximation to this unknown 
refractive-index profile. With their approximation two basic 
results are obtained: (i) an infinite number of permitted guid-
ed modes, and (ii) constant wavelength separation between 
adjacent modes. 
Let us discuss the first result. Weare considering here 
the case of a cavity in which the guiding of the electromag-
netic modes is provided by a variation in the real part of the 
refractive index. The number of modes permitted for a given 
cavity is determined by the solution of the wave equation (2). 
This number is infinite when the variation of the refractive 
index is unbounded, and is finite when the variation of the 
refractive index is limited. In practice, the spectral gain dis-
tribution wiII determine the number of existent modes out of 
the totality of permitted modes, and this number is always 
finite. In reality, the variation of the refractive index in the 
junction plane of a laser is bounded, which leads to a finite 
number of permitted modes. 
The second result is in disagreement with experimental 
data. As we see in Fig. 3, the frequency between adjacent 
transverse modes in the y direction decreases as the mode 
number increases. The spectrum shown in Fig. 3 was ob-
tained with a homojunction laser operated cw at 77 OK, con-
ditions similar to those ofZachos and Ripper. Similar results 























FIG. 3. cw frequency spectrum of a GaAs laser showing a longitudinal 
mode and its associated transverse modes parallel to the junction. Note that 
the wavelength separation between adjacent transverse modes decreases as 
the mode number increases. 
are obtained in DH lasers. In these lasers the frequency sepa-
ration is larger than for homogeneous lasers.8 
B. Perturbation 
As a first attempt to overcome the disagreement be-
tween the calculated and measured separation of the trans-
verse modes, we include a fourth-order term in the refrac-
tive-index expansion of Eq. (1). We now have for the 
refractive index the expression 
N (x,y) = No[ 1 - (:J2 - (:J2 + (:, YJ )/2. (12) 
Now Yo and y, jointly determine the refractive-index vari-
ation in the y direction. 
Treating the fourth-order term as a perturbation in the 
wave equation (2) leads to the following frequency 
expression: 
v = m.ll.q c ( 2m + 1 + 2n + 1) 
4rrNo Xo Yo 
+ [(~)2 _ ~(~)\n2 + n + !)]112. 
2NoL 2 21TNqyi 
(13) 
From this equation we obtain wavelength separation for adja-
cent modes: 
Lim = 0, Lin = 0, 
Lin = 0, Liq = 0, 
Lim = 0 Liq = 0, 
,,1,2 









_ Li,,1, ~ _ ,,1,2 + 3L,,1, 2(~)2 (2n + 1). (16) 
,,- 21TNeYo 2NA 21TY~ 
Comparing the expression for Li,,1,n with that in Eq. (10), we 
observe that we now have an additional term linearly depen-
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dent on the mode number n, which makes the wavelength 
separation between adjacent modes successively smaller as n 
increases. 
Here Yo and y, are adjustable parameters, while Ne and q 
are not. The value of Ne for a given laser is determined ex-
perimentally using Eq. (14). The value of q is determined by 
the condition of having an integral number of half-wave-
lengths between the laser mirrors. This gives us the relation 
q(,,1, /2N) = L. 
Knowing the experimental value of A and the refractive 
index N of the material, the value of q is fixed. 
In Table II we present the values of Yo andy, which give 
the best agreement with experimental data. Using the values 
of Table II the refractive-index variation in they direction is 
given by 
N(y) - N(y = 0) = (_ 5.08X 1O-7)y2 + (1.08x 1O-9)y4. 
N(y = 0) 
As shown from Table II even though only two parameters 
are used to fit three separations, the agreement is quite good. 
We observe that Li,,1,n depends also on the mode number q. 
However, as q is large (on the order of 3(00) for GaAs lasers, 
small changes in q do not affect the value of Li,,1,n in a signifi-
cant manner. 
Examining the refractive-index expression of Eq. (12), 
we see that the perturbative term has a sign opposite to that 
of the parabolic term. One can see that the effect of the per-
turbation is to terminate the infinite character of the para-
bolic approximation, where the index of refraction keeps de-
creasing to - 00. However, as we go further away along the 
junction, the refractive index starts increasing without limit, 
going to + 00. In reality, we expect the refractive index to 
decrease in a smooth manner from its maximum value to its 
unperturbed value far from the region of the stripe. 
The approximation to the refractive index assumed in 
Eqs. (1) and (12), i.e., parabolic variations without and with 
a perturbative term, work well within their limitations in 
spite of their unrealistic infinite character because the mode 
intensities for the lower-order modes (which are of practical 
interest) fall practically to zero before the deviations of the 
approximations are large. 
c. Bell-shaped profile 
We stated above that the real refractive-index profile 
should vary in a smooth and symmetric manner from its 
TABLE II. Comparison of the calculated and measured mode separations 
for the case of the profile ofEq. (12) (yo = 1403.61l,Y, = 174.61l). 
Mode Mode 
Mode No. separation (expt.) separation (calc.) 
m (.1A)n (A.) (.1A)n (A.) 
0 0.14 0.138 
I 0.11 0.113 
2 0.09 0.088 
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maximum value to its unperturbed value away from the 
stripe. The reason for affirming this is that the guidance in 
the direction parallel to the junction is provided by a local 
perturbation of the refractive index. This perturbation, is 
caused by the three important mechanisms cited above, 
namely the temperature, gain, and carrier profiles, which 
vary in a smooth and symmetric manner at least up to and 
near threshold. 9•1o These together give a perturbation of the 
refractive index of the order of 10-3 to 10-4 (Refs. 5, 10). We 
choose the smoothiy varying symmetric function 
.IN = 6 sech'(y/y') (17) 
to represent the refractive-index variation in they direction. 
We note that 0 is the maximum value of the refractive-index 
"hump" andy' is a measure of the width of the hump. 
The refractive-index variation around its maximum 
value will now be given by 
N (x~) = No{ 1 _ (;)2 _ ~ [ 1 _ sech'(;, ) ]} 112. 
(18) 
Substituting Eq. (18) in the scalar wave equation (2) we will 
have the same differential equations as before for the x and z 
directions, and for the y direction the differential equation 
will now be 
~((I-5,)dY)+(S(S+I)- _E'_) Y=O, (19) 
d5 d5 1-5' ' 
where 
5 = tanh(y/y'), (20) 
S (S + I) = 26N cIC'(y')\ 
E = H - (2n + 1) + (l + 8oNcIC'(y')')II2]. (21) 
The differential equation is a generalized Legendre-function 
equation. The finite solution 11 for 5 = lor y = 00 is 
Y(y) = [sech(y/y')] "F(E - S,E + S + I,E + I,!(l - 5 H22) 
where F(E - S,E + S + I,E + I.!(l - 5» is a hypergeome-
tric function. 
To obtain finite solutions for 5 = - 1 or y = - 00, E, 
S, or n, one must satisfy 
n = S - E (n = 0,1,2,3, ... ), n <So (23) 
For the special case where S is an integer, the solution ofEq. 
(19) will be the associate Legendre functions. 
The frequencies of the guided modes are now given by 
TABLE III. Comparison of the calculated and measured mode separation 
for the case of the bell-shaped profile (.5 = 2.9X 1O-',y' = 17,7 p.). 
Mode Mode 
Mode No. separati,!n (expt.) separation (calc.) 
m (.1A)n (A) (.1A)n (A) 
0 0.14 0.139 
I 0,11 0.1l4 
2 0.09 0.089 
3855 J, Appl. Phys., Vol. 50, No.6, June 1979 
v = c (2m + 1) + c (2n + I) 
m,l/,q 41TNoXo 41TN6y' 
+ -- -- - -- (2n + I)' . C [(q1T)2 1 ]112 
21TNo L 4( y')' 
(24) 
The wavelength separation between adjacent modes in they 
direction is now given by 
.Jm = 0, .In = 0, - OA q = 
A' (25) ---
2LN: 
.In = 0, .Jq = 0, - OAm = A' (26) 
21TN :.xo 
.Jm = 0, .Jq = 0, 
-OA
II
=- A' [(~)1/2_~(2n+I)]. 
21TN y' No 21Tqy' 
(27) 
In the Appendix we show the derivation of Eq. (27). 
From Eq. (27) we can see that for the transverse modes 
parallel to the junction the wavelength separation is a func-
tion of the mode number n. 
As before, there are two adjustable parameters, 6, and 
y'. In Table III we present the values of these parameters 
which give the calculated mode separation in agreement 
with experimental values. 
The parameter N;' is a new effective refractive index 
given by 
- - (2n + I) (
A' )( 6 )112 
41TN6y' 2No 
Even though Eq. (28) seems so complex, it can be shown (see 
the Appendix) that it can be well approximated by the 
known expression for N e • Its value can be determined ex-
perimentally for a given laser using Eq. (25). As before, the 
value of q is determined through the condition of having an 
integral number of half-wavelength between the laser 
mirrors. 
We see that it is possible to reproduce quite well the 
experimental data with the bell-shaped refractive-index pro-
file chosen by us. The value of 6 needed is consistent with 
other values found in the literatureY The value of y' com-
pares well (after taking into account current spread for our 
oxide-stripe laser) with a half-stripe width of 5.8 ft. Another 
consequence of this model is that the number of transverse 
modes that can be supported by the laser waveguide is finite. 
This number is determined by the condition ofEq. (23). For 
the case of the laser with values of 0 and y' shown in Table 
III, the maximum value that n can have is 5. In practice the 
number of modes observed can be less because the required 
Nunes eta/, 3855 
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FIG. 4. Near and far fields calculated for the zeroth- and first-order modes. 
The difference between these fields and the Hermite-Gaussian functions afe 
too small to be detected experimentally. 
net mode gain may not be obtained for some of the higher-
order modes. In the specific case we are considering here the 
number of observed modes is four. 
D. Near field and far field 
As shown above the near fields of the electromagnetic 
APPENDIX 
modes are given by Eq. (22). Taking the results of Table III 
we have for values of S, E, and n: S = 5.6, n = 0, 1,2,3,4,5, 
and E = S - n. Using these values we calculate the electro-
magnetic field distribution for the y direction for the zeroth-
and first-order modes. In Fig. 4 we present their intensity 
distributions. 
The far-field distribution cP (y') for those at near field is 
obtained by making the Fourier transformation 
<P (y') JX Y (y) exp(21Tiyy'1 AZo) dy, (29) 
where Zo is the distance from the laser mirrors to the far-field 
plane. The value used for Zo was 1 cm. 
In Fig. 4 are presented the resultant far-field intensity 
distributions. 
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In this Appendix we will derive Eq. (27) from the solution of the scalar wave equation for the electromagnetic resonant 
modes. The propagation constant in the Z direction (perpendicular to. the mirrors) is given by 
y' = (N~ - 28Nn) - No (2m + 1) + I [ - (2n + 1) + (1 + 88Nok '(y')2)!I2)2. 
kxo 4k '(y')' 
All parameters were previously defined. 
Using the fact that 
qc 
y = 2Lv ' 
in Eq. (AI) we have 
(E-)2 = (N~ _ 28No)v' _ Noc (2m + I)v + (~)2[ _ (2n + 1) + (1 + 88Nok '(y')')!!']. 2L 21TXo 41TY 
Using typical values for the quantities entltring in Eq. (A3) we can show that 
8oNok '(y')2~ I. 
After simple algebraic manipulations we have 
v = [( Noc )(2m + 1) + ~(2N08)1!2(2n + 1)]~ ± _I_[(~)2 _ (_c_, _)2 (2n + \)2] 1/2 
41TXo 41TY No No 4LNo 81TY No 
X (4N 2 [(NoIxo)(2m + 1) + (l/y')(20No)!12(2n + 1))2)112 





Making the approximation that the last term in the large parentheses is much less than unity, we write the frequencies of the 
resonant modes in the form 
v = ,n,M,q 
Taking 
v= ciA, 
c(2m + 1) + c(28No)!12(2n + 1) + _C_[(q1T)2 _ _ 1_(2n + 1)2]1/2. 
41TNoXo 41TN~' 21TNo L 4(y')2 
where A is the vacuum wavelength, we may transform Eq. (AS) to 
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(AS) 
(A6) 
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~ = 2m + 1 + (28No)l12 (2n + I) + _1_[(q1T)2 _ ~2n + 1)2]112. 
). 41TNoXo 41TN~' 21TNo L 4(y')2 
(A7) 
Differentiating this equation, taking into account that the refractive index is wavelength dependent, and defining an effective 
refractive index given by 
N~ No(1 - {(~) - ( ). 22 )(2m + 1) - ( ). 22 , )(_8 )1I2(2n + 1) 
No 41TN OXo 41TN (YI 2No 
(A8) 
it is possible to obtain 
8), 8m + - + (2n + 1) 8n + -- 8q. ( 
_). 2 ) [( _). 2 )( 28 )112 ). 2L ] ( _). 2) 
21TN ;xo 21TN;Y' No 41TW;q(y')2 2LN; 
(A9) 
Using this equation we may derive the wavelength separation between two consecutive modes related to each direction in 
the laser cavity (see Fig. I). It will be given by 
8), 
-= -8), = 8q - q 8m = 0, 8n = 0, (AW) 
8), 
-= -8), = 8m - m 8n = 0, 8q = 0, (All) 
8m = 0, 8q = 0, 8), = _ 8), = _ ). 2 (~)1/2 + ( ). 2L (2n + 0). 
8n n 21TN ;Y' No 4~(y')2qN ; 
(AI2) 
Finally, we want to point out that for typical values of the quantities that appear in Eq. (A8), the effective refractive index can be 
approximated very well by 
N'c::::.N [1- ~(2 _ ~)(aNo)]. 
e 0 No 2NoL a). 
But, knowing that 
q(~)=L, 
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